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2.
I. INTRODUCTION.
While investigating the properties of vacuum fused electrolytic 
iron and some iron alloys, Mr. T. D. Yensen discovered that the re­
sults secured with a Burrow's'permeameter were affected by the 
manner in which the test bars were clamped in the yokes. Investi- 
i gation proved that the correctness of results was impaired by put­
ting a strain on the rod when clamped. No thorough results were 
secured as consistent readings were obtained by relieving the bar 
of all strain. The phenomena thus noticed led the writer to made 
the following investigation of the effects of stresses on the 
magnetic properties of iron and iron alloys.
A review of the literature on this subject revealed a large 
number of experiments that had been made to determine the effect 
; of stress on the properties of ferrc-magnetio substances. The 
results indicated various effects, some of which were established 
and others left in doubt. The present investigation was prompted 
by the fact that all of the previous workers had used substances 
of low magnetic susceptibility, and methods for magnetic testing 
that were subject to many errors. The high permeability sub­
stances made available by Mr. Yensen's work, together with the re­
fined methods of testing now in use, led the writer to attempt to 
establish firmly the effects previously noted and discover new 
phenomena that old methods might' not have shown.
It was originally intended to study the effects of all kinds 
of stresses and combinations of stresses, but the task was so 
large that only the three primary etreases were investigated.
In the following pages the effects of tension, compression, and 
bending are shown; while the effects ot torsion and tension, and
3.
other combinations had to be left for some future investigation.
The effect of tension was thoroughly investigated both for the 
unannealed and the annealed state of the iron. These results lead 
to certain conclusions regarding the effect of compression and 
bending. Consequently only corroborative tests were made of the 
effect of the latter two stresses.
The author is indebted to Professor Ellery B. Paine for his 
interest and helpful suggestions during the work, and to Mr. W. A.- 
Gatward for the use of apparatus and aid given in conducting the 
tests. Professor K. F. Moore was kind enough to allow the unin­
terrupted use of apparatus from the Department of Theoretical and 
Applied Mechanics.
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II. HISTORICAL REVIEW.
The investigation of the effects of various stresses has en­
gaged the attention of many workers from the time of Villari until 
the present day. From the great mass of data collected by these 
workers only a small part can be chosen as indicative of the gener­
al effects which stresses have on the magnetic properties of iron.
A brief summary will be given of those resulta which seem to show 
most conclusively the existing relations. There is a great amount 
of data besides what is mentioned below, but most of it is merely 
corroborative of previous results, or else worthless due to faulty 
apparatus and failure to follow a proper procedure in taking data.
The first man to secure any definite information regarding the 
effect of tensile stress on the magnetic properties of iron was 
Villari. He discovered that for low values of magnetization the 
effect of longitudinal pull is to increase the amount of magnetism; 
but if the iron is strongly magnetized, pull will reduce the magne­
tism. This critical point or reversal, where pull has no effect on 
the magnetic qualities a bar of iron, has been called the Villari 
reversal. Later Lord Kelvin discovered the same phenomena in an 
independent investigation. The latter may be said to have laid the 
foundation of the exact knowledge of this subject. Both Villari 
and Kelvin studied the effects of longitudinal pull by loading 
and unloading iron and steel wir'e in magnetic fields of varying 
intensity. Probably the most conclusive results were those secured 
by Ewing, who carried out a long series of experiments on both soft 
and hard iron wire. His experiments fall under two heads, viz., 
those in which the stress was maintained constant and the intensity 
of magnetization varied, and those in which the magnetization was
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kept constant and the amount of load varied.
Keeping the load constand and varying the magnetising force, 
Ewing found that for soft iron, except for the strongest field 
used in the experiment, the presence of a small pulling load increa­
sed the susceptibility; and that, except in the weakest fields, a 
fairly large pulling load reduced the magnetism. Using hard iron, 
he found practically the same thing with the exception that even 
in the weakest fields the load has to be moderate to cause any in­
crease of susceptibility. Beyond a certain limit the application 
of stress is unfavorable no matter how small the magnetising force.
The most unique results were secured by keeping the magneti­
zation constant and varying the applied pull. He found that on the 
first application of load the effects of stress on magnetization 
are apt to be enormous, the initial stress sometimes causing a 
tenfold increase of magnetism. Only after repeated application 
and removal of the load was the increase and decrease of magnetism 
cyclic; that is, it varied from one to another of two definite 
values when the load was put on and taken off. This initial effect 
plainly showed the presence of hysterists. After a cyclic condition 
had been reached the effect of hysterises was shwon by the fact 
that for any intermediate value of load the value of magnetism was 
different for loading and unloading. Ewing also discovered that 
ala effects of hysterisfs disappear if the specimen is subjected to 
mechanical vibration either before or during loading. Furthermore 
the previous history of the specimen has an important bearing on 
the effect of stress on magnetic induction. Applying and removing 
a load before magnetization affected the susceptibility of the iron. 
If the iron was demagnetised after the application of the load no
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apparent effect was noticed; but if the iron was loaded after de­
magnetization there was a sensible increae of magnetism due to 
the load. Hence he concluded that the magnetic condition of the 
iron depended not only on the amount of load present, but also on 
the previous mechanical and magnetic treatment of the iron. All 
of the above effects were found by Ewing to apply to residual 
magnetism as well.
Tomlinson investigated the effect of changing load on an iron 
wire subjected to a constant magnetising force. Considering 
temporary magnetism alone he reached the following oonclusiongs.
1. The Villari reversal occxirs for very low values of mag­
netising force in iron.
2. If the load is carried high enough a second point occurs 
at which tensile stress has no effect on magnetisation; i. e., 
there are two Villari critical points.
3. As the magnetising force is increased the increae in sus­
ceptibility becomes less for initial stresses until finally a 
point is reached where even the smallest amount of pull is detri- 1 
mental to the. magnetic susceptibility.
Some of the conclusions reached by Tomlinson have been 
questioned by later investigators, principally the Japanese physi­
cist, Nagoaca, Honda, Terrada, and Shimizu. Honda and Terrada 
are responsible for the most recent investigation. Using the 
most refined methods of testing and the greatest care in operation, 
they made a long series of investigations. However, none of their 
results differ markedly fr.ora the conclusions reached by Villari, 
Eelvin, Ewing, and other early investigators.
Strange as it may seem comparatively little work had been
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done on the effect of compression on the magnetic properties of 
iron. Ewing and others investigated the effect of compression on 
nickel and cobalt, but not until recently has iron been tested 
for this effect. The reasons for this are twofold. In the tirst 
place, the effects of compression are so closely related to those 
of tension, although in a reversed sense, that satisfactory con­
clusions can be drawn from the former. In the second place, our 
methods of testing, requiring a long thin bar or a ring, do not 
permit of satisfactory compressive tests being made. Compressive 
tests require a strong and thick bar which is not conveniently 
applicable to the present methods of magnetic testing.
Only two sources of work along this line could be found.
In 1904 F. Frisb1  ^ using an anch.or ring of iron, applied compress­
ive stress by means of hydraulic pressure in an iron chamber.
With constant magnetization and changing pressure she found that 
the permeability was increased by compression. Weeping the press­
ure constant and changing the magnetization resulted in the well 
known Villari reversal for unannealed iron. Small values of 
magnetizing force decreased the permeability while large values 
increased the permeability. For annealed iron there was an in­
crease of permeability up to H - 9.67 c.g.s. units.
In 1914 Smith and Sherman of the University of Purdue under­
took an investigation along the same lines as the present. They 
used the Burrow's bar and yoke perraeameter, and an Ollsen testing 
machine for applying the stress. Compressive tests were made on 
a large number of commercial 30ft iron bars and low carbon and 
medium carbon steels. For all these specimens compression pro­
duced a considerable decrease in permeability for all values of
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magnetization up to H = 35 gauses. There was no Villari reversal 
but for the higher values of H the decrease became smaller and 
smaller.
Only one reference to the effect of bending on the magnetic 
properties of iron was found, and this was the result of a cur­
sory examination by Spooner in 1916. He bent a soft iron ring 
until it had almost reached the point of permanent failure. Then 
it was thoroughly annealed to remove all strain. Bending produced 
a decrease of fifty per cent in the permeability and large in­
crease of hysterisfca loss. Annealing wipe& out the effect of the 
previous strain and gave a higher value of permeability than at 
the start, just as if the iron had not been stressed at all. 
Stresses beyond the elastic limit produced similar results, which 
were not wiped out by annealing.
No experiments have been more productive of interesting re­
sults than the effect of twist on magnetization, or the effect of 
magneti ation on a previously twisted rod. Parallel to this are 
the effects of both twist, and pull, and also the effect of longi­
tudinal and circular magnetization. Only those results bearing 
on the effect of twist will be here mentioned.
Matteucci was the first to investigate the change in magnetism 
undergone by an iron rod when it is twisted back and forth. 
Wertheim, E. Becquerel, and Wiedeman followed along the same lines 
as Matteucoi, and Lord Kelvin also devoted some time to it during 
his magnetic investigations. The results of the investigations 
mentioned above are too numerous to be given here. In general, all 
the earlier experimenters found that a longitudinally magnetized 
rod had its magnetism reduced by torsion in either direction.
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It was early evident that a differentiation had to be made between 
the effect due to an initial twist and that due to a cycle of 
strain several times repeated. The difference in results was due 
to the effect of hysterises. Lord Kelvin found that the initial 
effects of twist depended on the previous history of the iron, 
while a cycle of twists reduced the magnetism if the rod was 
twisted in either direction. Sir William Thompson offered an 
explanation for these results but his theory has been seriously 
questioned.
In 1896 F. J. Smith made an extended investigation of the 
effects of twist on a longitudinally magnetized rod. His results 
are briefly as follows. A rod twisted in one direction was fur­
ther twisted by the application of a longitudinal field. Revers­
ing the field did not reverse the twist, but on-removing the curr­
ent the rod returned to its former position. A3 the initial tor­
sion was increased the twist could be increased by magnetization 
until it reached a maximum, after which it decreased. The effect 
of hyaterisis was shown by the fact that the value of induction 
in the rod was lower after removal of magnetism than before 
application of the magnetism.
The most recent workers along this line were Honda and Terrada 
of the University of Tokio, who studied the effect of twist and of 
combined twist and tension on the magnetic properties of iron rods 
The results are given below.
1. In weak fields twisting increased the magnetic induction 
while untwisting had little effect.
3. The cyclic effect of twisting combine with slight tensile 
stress diminished the magnetism.
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3. For a large pulling load twisting at first increased the 
magnetization, but the increase passed through a maximum and fur­
ther application of twist reduced the intensity of magnetization.
4. The effect of a gradual application of twist was found to 
be no different than that caused by applying the maximum twist at 
once.
E. H. Wolff found that only after a large number of applica­
tions of twist is the effeot in any way constant. With a thin 
wire he noticed that twisting increased the magnetic moment, while 
with a thick wire it had the effect of reducing the magnetic 
moment. The effect of hysterises was noticeable in that the change 
caused by twisting the wire followed a different path than that 
caused by untwisting the wire.
------ — _ — — —  ----t n ---- ------ -— “ ---------------------
III. DESCRIPTION OF APPARATUS.
1. F*r Magnetic Testing.
The magnetic properties were investigated by means of a modi­
fied form of the Burrow’s permeameter as used at the Bureau of 
Standards. The special permeameter used in these tests was cons­
tructed by Mr. W. A. Gatward of the Engineering Experiment Staff, 
and was built for the investigation of flux distribution along 
a bar. As the instrument was light and easily adjustable it was 
admirably sutied for the purpose of these tests.
This type of permeameter is based on the compensated double 
bar and yoke method. The construction of the instrument is shown 
in figure 1. Two bars of the same diameter and similar magnetic 
qualities are clamped together by means of heavy split yokes made 
of Swedish charcoal iron thoroughly annealed. The bars and yokes 
form a complete magnetic circuit. The magnetizing coils T and A 
consist of one layer of double cotton covered No. IS B. and S. 
copper wire, wound twenty turns to the inch or 7.S75 turns to the 
centimeter. The wire is wound on a threaded brass tube which 
gives a uniformly wound solenoid. Compensation for the added re­
luctance of the joints in the yokes is provided for by means of 
the four coils C, all connected in seris. T and A are the test 
coil and auxiliary coil respectively. The secondary coils are 
t and a for the two main solenoids and c, and o K for the com­
pensating coils. a, c, and or are used for balancing the flux 
in the magnetic circuit, while t is used for determining the 
magnetic induction in the test bar. All the secondary coils are 
wound on fibre bobbins; t and c ^ have 64 turns of no. 30 B. and
S. double silk covered copper wire with a terminal brought out
i  Layer
to  Turns per /nis  Turns
Oak Support
r~ \o
-«----- 12
[71 Fibre Bobbin T^hreaded Brass Tube ^
X X X V kX  X x X VX X X X X ^ X X A y V W 5 7 v ^ A W ^ f e  tfXAXATSW V W X X X X  X X X X X 2 W W V $ S ^
— - > -OU
/XO
ttt?7 T 7 7 , / s ^ s / r / / 2 1 /122/22^ / 222/2/ / //^. //a / t i  / z / z z z a
* x  ^  r7 . v/ _ ? '*  7 sap
38^ x  x„¥wW^VWV^XAA^VX7^vWVv^AAAAA^ v^^ A^XXXW^A^ X XXXXXS?reXXXXXXWW^~v>ry}y*rrrrrrr/r77? r^~7rrrY-/77TTrY777?7svnyrr/''rv-?-?,  / / / / ? / / / /  2 / / / a / ///////t/r/zt//////////////////////// //////z zzz/222’2221
~
n
v
>
C o u rie rs  V o f  lA/ f7_ fZslT
1 2 .
from the middle point, c, has only 33 turns of the same wire, and 
a contains 84 turns with no connection for the middle point. The 
secondary coils are movable so that the flux may be balanced and 
investigated at any point in the magnetic circuit. All the coils 
i have their terminals conveniently assembled on the main frame of 
the permeameter.
With a certain fixed current through the test coil T, uniform­
ity of flux around the whole circuit can be obtained by means of 
the auxiliary coil A and the compensating coils C. First the 
current in A is adjusted until, with the secondary coils t and a 
connected in opposition, the fluxmeter gives no deflection, indi­
cating an equalitjr of flux at the center of the two bars. Then the 
compensating current is adjusted so that C/ and c , mutually in 
series but in opposition to t, show no deflection on the meter.
With these conditions fulfilled it is safe to assume that the flux 
is Uniform throughout the magnetic circuit. Recent investigations
by Mr. W. A. Gatward have shown that the flux is not uniform but
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that magnetic leakage occurs along the circuit due to non-unai’ormi- 
ty in diametei of the test rods, magnetically hard^ots, ana leak­
age around the ends of the rods. However, for the present purpose, 
the above assumption is of sufficient accuracy.
The magnetising force is given by
* .4V N-t It gilbert's per cm.
where is the number of turns in the main solenoid and 1+ the 
magnetizing current in amperes. Since per cm. are 7,875, the 
magnetizing force is given by
H * . 4rf 7.875 I 
3.9 I
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A small correction for the end effects of the solenoids should "be 
applied, but it is inappreciable except for iron of very high per­
meability.
For measuring the flux a Grassot fluxmeter is used. In this 
instrument the suspension effect has been eliminated and it makes 
no difference how long it takes for a full deflection, or in which 
direction the deflection is taken. The movement of the needle de­
pends only on the total change of flux. For the present tests 
this meter is particularly useful, as the pronounced viscosity of 
iron under stress would make a galvanometer with a definite period 
inaccurate. The meter is also equipped with a mirror fastened to 
the needle suspension, which together with a lamp and scale, en­
ables its sensitiveness to be increased many times. It is cali­
brated to read 10,000 maxwells per cm. per scale division. Since 
the secondary test coil t contains 32 turns and the area of the test
rods is .3026 square cm. the flux density per square cm. is given 
10,000 X D ______
by 32 X ”72036 X 2 or 771 D, where D is the deflection in scale 
divisions. The factor 2 is used because the flux is measured by 
the method of reversals and the deflection on the meter is thus 
twice that due to the actual flux above .zero.
Figure 2 shows a diagram of the electrical connections. All 
the switches used for reversing the primary currents are connected 
in a group so as to provide for simultaneous reversals. The sec­
ondary switching operations are performed by means of mercury 
rocking switches constructed like piano keys. A pressure of 20 
volts from a storage battery impressed on the primary circuits gives 
sufficient current ofr all purposes.
As mentioned above, the magnetic induction is obtained by the
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method of reversals. The current in the main solenoid T, figure 1, 
is adjusted by the sliding contact rheostats R T* , and that of the 
auxiliary coil A and compensating coil C by H a' and R Cs. Depress­
ing the keys 1, 2, and ta connects t and a in opposition and in 
series with the fluxraeter. The same is true of keys 1, 2, and 
tc. With equality of flux established a reading for the value of 
flux is obtained by reversing the currents in T, A, and C, 
simdltaneously and depressing the keys 1, 2, and t^. This places 
t in series with the fluxrneter and a defledtion is obtained pro­
portional to 23.
For finding the magnetic induction of ring 3, the rings are 
wound with 100 turns of No. 26 B and S double silk covered copper 
wire as a secondary; and as many turns of No. 18 B. and S. double 
cotton covered wire as can be conveniently would on the ring, as 
a primary. The two windings are separated by a layer of varnished 
tape. The magnetic induction is found by the method of reversals 
as above.
In the case of a ring uniformly wound, the value of H is given
. No magnetic leakage takes place and theU T H p U ,  
----ICTiT------
section of the ring is sufficiently thin to obviate the error due
to crowding of the lines of flux to one aide. The flux density is
given by 10>0^2 -  * u ®ing the same nomenclature as for the bars.2 A'TTe
2. For Application of Stress. ,
Tensile stresses were applied to both rods and rings by means 
of a Riehle wire testing machine. This machine is very accurate 
and is especially applicable to these tests. Patent wire grips 
furnish a firm hold on the test specimente and prevent slipping.
In order to prevent magnetic leakage paths between the test pieces
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and the frame of the machine, the regular iron rods connecting the 
grips to the frame of the machine are replaced by brass rods.
Power is applied by means of a small motor and a chain of gears.
The normal capacity of the machine is SCO pounds, but a load of 
1,000 pounds is easily secured without injury to the test apparatus. 
To apply a load to the rings special hooks are attached to the wire 
grips.
Compression was applied by means of a long lever arm fastened 
it the end and with heavy weights suspended at the other. The 
test bar acted as a fulcrum and was placed near one end of the lever 
giving a multiplication of five. This provided sufficient load 
for making the compressive tests.
IV. DETAILS OF EXPERIMENTS.
The basi3 for the material of the speciments used in this in­
vestigation is carbon free "iron as developed hy Mr. T. D. Yenaen. 
Doubly refined electrolytic iron was melted in a vacuum furnace, 
at a pressure less than one millimeter. The ingots were forged by 
means of a steam hammer into suitable shapes for making rods and 
rings. The following specimens were prepared.
One rod .3 inch in diameter and 17 inches long.
One pure iron ring .993 cm. long, .216 cm. thick, 3.81 cm. 
inside diameter, and 4.17 cm. outside diameter.
One ring 1.35 cm. long, 3.8 cm. insider diameter, and 4.2 cm. 
outside diameter. This ring was made by Mr. Yensen in hi3 re­
search on the magnetic properties of pure iron.
One rod .2 inch in diameter and 16 inches long. This rod 
was machined from a test piece made by Mr. Yensen and contained 
.8 per cent aluminum. It had previously been annealed at a 
temperature of 1100 degrees centigrade and cooled in 34 hours.
M t  as it was reforged and machined practically all effect of 
annealing had disappeared.
For compressive tests a rod .393 inches in diameter and 14 
inches long was used. The rod was made from an alloy containing 
4 per cent silicon.
After making the desired magnetic measurements of the test 
pieces as forged, they were annealed at 1050 degrees centigrade 
and allowed to cool for thirty hours. The annealing was done 
in an ordinary type of muffle furnace with Nichrome heating 
element. To prevent oxidation the specimens were buried in fused 
magnesite and kept in an inert atmosphere. After annealing com­
plete magnetic data was again taken.
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The effect of stresses on the magnetic properties of the 
different specimens was investigated for all values of magnetizing 
force from the lowest to the point of virtual saturation; and for 
all stresses up to and "beyond the elastic limit and the point of 
permanent distortion.
In investigating the effect of stresses two methods of proced­
ure are possible. Both give the same results provided certain 
effects are eliminated. The investigation may be made either by 
keeping the stress constant at various values and changing the 
magnetizing force, or by keeping the value of the magnetizing 
force constant and changing the amount of stress. Conflicting 
results may be obtained if the effect of hysterisis is not taken 
into consideration. Ewing and others, as shown in the historical 
review previousfygiven, made a thorough study of th'e property of 
hysteris«9 exhibited by magnetic metals when stressed. They 
established the fact and outlined preventive methods, and no 
further investigation along this line was attempted. It is 
sufficient to say that the value of magnetic induction for any 
value of magnetizing force depends on the previous history of 
the metal- and also upon the manner in which the load and magne­
tizing force are applied. Otherwise the values secured during 
application of loads will differ widely from those secured during 
the removal of loa,ds.
/
Both procedures mentioned above were used in the present inves­
tigation in order to arrive at a logical conclusion. To avoid 
the influence of hysterisis and other harmful effects, the ex­
perience of other investigators and that of the writer ha3 led to 
the following procedure, which was followed throughout these tests
18.
For constant load and variable magnetizing force, a magnetiza­
tion curve was first secured with no stress on the iron, which pre­
viously had been thoroughly demagnetized by the method of reversals . 
Then various loads were applied and the following procedure ob­
served.
1. Complete demagnetization, while unloaded by method of 
reversals.
3. Addition of a small load.
3. Data for a complete magnetization curve.
4. Complete demagnetization as before.
5. Addition of further load.
6. Data for magnetization curve, and etc.
With values of magnetization constant and the load varied j the following procedure was observed.
1. Cycles of stress from the lowest to the highest value to 
be used were gone through before starting any test. This was 
done to make the changes due to stress cyclic.
Complete demagnetization of specimens by method of reversals.
3. Application of a small field.
4. Increasing values of stress from zero to the maximum desirec,, 
taking readings of magnetic induction for each step.
5. The same for decreasing steps of load.
6. Complete demagnetization.
/
7. Application of a higher value of magnetizing force, and etc.
Although readings were taken over the whole range of magne­
tizing forces to the point of saturation, the greatest number were 
taken near the point of maximum permeability. Wherever there 
seemed to be any doubt as to the accuracy of results, or an indi-
tw :
cation of any unusual phenomena, additional data were secured.
These points will be fully brought out in the discussion of results
30.
V. RESULTS.
The results naturally fall under three separate heads, showing 
the effect of tension, compression, and bending respectively.
Figs. 3 to 10 inclusive give the re3ult3 for tension, Figs. 11 and 
13 the results for compression, and Figs. 13 to 16, the results for 
bending. Two test bars were used for determining the effect of 
tension. One was a pure iron bar and the othef a bar made from 
an iron aluminum alloy. Results for both the unannealed and 
annealed state are shown. The aluminum alloy was one which had 
shown remarkable magnetic properties, having a permeability of 
over 40,000. The results for this bar are not complete in the 
annealed state for reasons given in the discussion. Data showing 
the effect of compression were taken for only one rod, which had 
previously been annealed at eleven hundred degrees centigrade.
The compressive stress could not be carried as high as was desir­
able on account of bending taking place at the higher loads. How­
ever, the data are sufficient to show the general effect of compre 
sion.
The pure iron bar was tested completely up to and beyond the 
elastic limit. In order to show the effect of stress beyond the 
elastic limit the dotted curves in figs. 5 and 9 are drawn. These 
curves are plotted from data taken after the rods 3-76 and A1 33 
had been permanently hardened by stretching, subsequent to being- 
annealed.
The curves show the results in two different ways. In each
case magnetization curves are plotted for the various loads. Thes 
curves show the general relation of magnetic induction to a 
particular stress over the entire range of applied magnetizing
---------- --— ' "" ---- si:— — ~ — — —  -----------------
force. In order to show specifically how the magnetic induction 
varies with stress for any particular value of magnetizing force, 
curves are drawn using values of stress as abscissae and values 
of magnetic induction as ordinates. In every case the magnetizing 
force is plotted in gilberts percentimeter, the magnetic induction 
in kilolines per square centimeter, and the stress in pounds per 
square inch.
---- _— .— --- — ~ ------ ssr;—  "— "  ~
DISCUSSION OF RESULTS.
1. Effect of tension.
The effect of a pulling load on the magnetic properties of iron, 
as shown by these results, is on the whole similar’ to that found 
by other investigators. The main point to be observed is that 
effects which are only shown as feeble indications of a property are 
here much more pronounced and extend over a much wider range.
Ewing and others found that tension increased the magnetic inauc­
tion of iron for small loads and for very low values of magnetizing 
force. Fis. 3 and 4 clearly show that for all values of magne­
tizing force up to 10 gilberts per centimeter loads as high as 
15,800 pounds per square inch increase the magnetic induction quite 
s large amount. The magnetisation curve for a load of 6,400 
pounds per square inch shows the maximum increase of magnetic 
properties. Greater loads than this decrease the magnetic per­
meability, but it is not until a load of 22,300 pounds per square 
inch is applied before the magnetization curve falls below the 
original no load curve. For values of magnetizing force below 
one gilbert per centimeter a load almost equal to the elastic 
limit is required before the magnetization curves fall below the 
original no load curve. Consequently the conclusion is that 
for the high permeability iron pulling loads up to those which
practically approach the elastic limit are favorable fo the amount
/
of the magnetic induction for low values of magnetizing force.
For higher values of magnetizing force pulling loads as large as 
the maximum stress that is ordinarily put on materials of construct 
ion are not detrimental to the magnetic properties of pure iron.
Near the point of magnetic saturation the case is different.
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Loads up to 3300 pounds per square inch have no effect on the 
magnetic properties of the iron. Large*pulling loads than this 
cause a decrease of magnetic induction. This is a clear case of 
the Villari reversal. Taking the load of 15,800 pounds per square 
inch, for example, increased values of magnetic induction over 
those for no load are shown for values of magnetizing force up 
to 19 gilberts per centimeter; while beyond that value of magne­
tizing force the same load causes a decrease of magnetic induction 
from its value at no load.
Figure 4 shews more clearly the different results caused by 
applying a pulling load. For low values of magnetizing force 
the improved qualities are clearly shown. This increae in mag­
netic induction reaches a maximum and then there is a decreae?, 
clearly indicating a Villari reversal. It will be noted that this 
point of maximum magnetic induction constantly moves towardsthe 
origin of loads a3 the values of magnetizing force increase. 
Finally for a force greater than 10 gilberts per centimeter no 
increase of magnetic properties is indicated for low and medium 
loads, while higher loads decrease the magnetic induction. The 
point of beginning of the decrease in magnetic induction also 
moves toward the origin of loads until for values of magnetizing 
force above 40 even the smallest load causes a decrease of mag­
netic properties.
/
The magnetization curve for a load of 29,400 pounds per square 
inch, which is beyond the elastic limit for this rod, lies far be­
low the no load curve throughout the entire range of magnetizing 
forces. As the elastic limit is approached the decrease in mag­
netic properties is very rapid for increased pulling loads. How-
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ever, beyond the elastic limit the decrease in properties becomes 
less and less and shows a tendency to approach a constant value.
The stresses could not be carried much higher as the necking of 
the specimen tended to introduce errors in measuring the magnetic 
induction.
The most remarkable result of these tests is whown by the re­
sults found afterthe maximum load applied had been removed. As 
long as the load is small enough so that the magnetisation curve 
does not fall below the no load curve, removal of the load always 
restores the iron to its previous magnetic state for no load.
But stretching the bar beyond its elastic limit and then removing 
the load leaves the iron in a poorer magnetic state than it was 
for the largest load. The natural conclusion would be that remov­
ing any load would either restore the iron to it3 original magnetic 
state, or else leave it in the condition produced by the last load 
applied. That the removal of the maximum load should still further 
decrease the magnetic permeability seems strange until we notice 
that this only happens for loads greater than the elastic limit. 
Stretching a bar 4>f iron beyond its elastic limit hardens it but 
the hardening cannot take place until after the removal of the 
load. Consequently removing the load leaves the iron in a 
hardened state and it is then magnetically inferior to what it 
was previously.
/
The effects of a pulling stress on the same rod of pure iron, 
after being annealed at 1,050 degrees centigrade, are shown in 
figs. 5 and- 6. The rod was hardened by being stretched beyond 
the elastic limit during the test previously discussed. Anneal­
ing restored it to its original magnetic state and even improved
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its magnetic qualities. The solid line curves of fig. 5 show the 
magnetization curves taken at various pulling loads. The general 
effect is similar to that noticed for the unannealed state. Up 
to a load of 3,300 pounds per square inch tensile stress improves 
the magnetic qualities for values of magnetizing force between 0 
and 10 gilberts per centimeter; but for values of magnetising 
force greater than 10 the same load impairs the magnetic qualities, 
indicating again a Villari reversal. A load of 14,600 pounds per 
square inch is required before the iron shows magnetic qualities 
worse than those for no load. The load is again near the elastic 
limit before tension gives any real detrimental effects for 
moderate values of magnetizing force. For the higher values of 
magnetizing force even the smallest load reduces the amount of 
magnetism.
The effect of removing a load which stretches the iron beyond 
its elastic limit is shown by the curve taken after removing a 
load of 14,600 pounds per square inch. For all values of magne­
tising force below 30 gilberts per centimeter this curve lies far 
below the original no load curve. Above 30 gilberts per centimeter 
it coincides with the no load curve. While the curve for a load 
of 14,600 pounds per square inch lies only slightly below the no 
load curve, the removal of this load leaves the iron in such a 
hardened state that its magnetic qualities are a hundred per cent 
worse than with the load applied. Removing any load below the 
elastic limit, leaves the magnetic qualities in a better state 
than before removing the load for the lower values of magnetizing 
force. This is shown by the curve for 9,600 pounds per square 
inch, figure 5. With the load applied the magnetic qualities
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are slighyly less than those for no load; but removing the load 
improves the magnetic induction a very large amount, as shown by 
the magnetization curve which lies £ar above the no load curve.
Two results are thus possible. Removing a load above the elastic 
limit leaves the iron in a worse magnetic state than that caused 
by the load itself; while removing the load within the elastic 
limit leaves the iron in a better magnet state than that imparted 
by the load. The former state is due to the hardening of the 
iron by stretching, but the latter i3 not so easily explained.
It seems that a load less than the elastic limit leaves the iron 
in a magnetically soft state and makes it more susceptible to lines 
of magnetism. This phenomenon is in accordance with Ewing's 
theory of the nature of magnetic induction in iron. All of this 
discussion applies to values of magnetizing force less than 10 
gilberts per centimeter. For higher values of magnetising force 
remvoing any load always leaves the iron in the same state as befojJ: 
application of any load.
After stretching the iron beyond its elastic limit, thus giv­
ing it a permanent hardness, the effect of again applying a pull­
ing load is shown by the dotted line curves of figure 5. The 
lowest heavy line curve shows the magnetization ciirve after remov­
ing the maximum lead of 14,600 pounds per square inch. Again ap­
plying a pulling load at first improves the magnetic properties
/
as shown by the fact that the magnetization curves lie above the 
no load curve. The increase in magnetic properties reaches a max­
imum ana further addition of load gradually reduces the permeabil­
ity. A load of IS,000 pounds per square inch, which is near the 
point of failure of the rod, still left it in a better magnetic 
state than it was after the removal of the previous load of
2 7s
14,600 pounds per square inch. However, removing the load of 
19,000 pounds leaves the iron in a still worse magnetic state, as 
shown by the lowest dotted line curve. This shows that the iron 
was still more hardened by the second series of loads.
The lowdr range of the magnetization curve in figure 5 is plot­
ted to a larger 3cale at the right. Here it is seen that even a 
very heavy load, such as 14,600 pounds per square inch, still im­
proves the value of magnetic induction for the lowest values of 
magnetizing force.
The ohange in magnetic induction as the pulling load increases 
is clearly shown for the various values of magnetizing force, both 
for the annealed condition and the hardened state, in figures 6A 
and 6B. The curves are self explanatory and no further discussion 
is needed.
The effect of pulling load on the magnetic properties of a 
substance of very high permeability is shown in figures 7 and 10. 
This shows the results for a rod made of an .8 per cent aluminum 
alloy, and which originally had a permeability of 40,000.
Hammering and machining it reduced the permeability to about 7,000 
for the forged condition. The general effect of tension on this 
rod is in no way different than for the pure iron rod. For ordi­
nary loads approaching the elastic limit the magnetic induction
is improved for low and intermediate values of magnetizing force,
/
and reduced for Jiigh values of magnetizing force. This rod shows 
no unusual phenomena and in all respects bears out the conclusions 
reached from the tests of the pure iron rod.
The rod was stretched to the elastic limit and thus hardened. 
Annealing removed all traces of hardness and again raised the per-
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meability above 40,000. The curves in figures 9 and 10 show the 
results of the tests after annealing. Accurate data could not be 
secured for the lower values of magnetizing force when applying 
small loads. The permeability is so high that the large difference 
in magnetic density between the thick yokes and thin rod requires 
a very heavy compensating current in the coils C, figure 1, to 
bring the flux to equality at the joints and center of bar. This 
heavy compensating current at the joints affects the flux density j 
at the center of the rod} thu3 giving a flux reading not proport­
ional to the magnetizing force of the main solenoid alone, but 
proportional to the main current and the current in the compen­
sation coil. After the load is large enough to reduce the magnetics 
qualities below those for no load complei«curvee can again be se­
cured. It is evident that for studying rods of very high permea­
bility a rod of larger cross section and more refined methods than 
the Burrow's perroeameter must be used. These are not possible to 
secure at preseht.
The hardening effect of a load exceeding the elastic limit is i: 
again shown by the lowest heavy line curve in figure 9, -which is 
the magnetization curve after removing the maximum load of 15,450 
pounds pci* square inch. The great difference in magnetic proper­
ties shown by the curves for 15,450 pounds per square inch and
the removal of this load indicate that the iron is excessively
/
hardened by the last load,
2. Compression.
As previously explained complete data for the effect of com­
pression could not be secured since the bars are not large enough 
to withstand heavy pressure without bending. However, the re­
sults shown in figs. 11 and 12 are sufficient to indicate the
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general effect of a compressive stress.
From a consideration of the effects of tension the conclusion 
is reached that compression causes a decrease of magnetic property
\J 'for low values of magnetizing force and an i'crease for high values 
of magnetizing force. This is partially horn out by the results 
shown. But for the smallest values of magnetizing force the 
application of small loads causes an increase of magnetism in­
stead of a decrease as would be expected. For intermediate values 
of magnetizing force all loads cause a decrease in magnetic 
pror.>erties, and for ver3r large values of magnetizing force small 
compressive loads again cause an increase of magnetic induction. 
Here is then the phenomenon of two Villari reversals , one at low 
magnetization and the other at high magnetization. The second 
critical point is not so clearly indicated but repeated tests 
confirmed its existance at least for this one rod. Large com­
pressive stresses oause a decrease in magnetic induction from the 
lowest value of magnetizing force to the highest. Removing the 
largest load applied leaves the iron in its original magnetic state1 
since it was not steessed beyond the elastic lirr.it.
Figure 12 shows more clearly the presence of two critical 
points. For small values of magnetizing force the magnetic in­
duction at first increases with the addition of load and then de­
creases. Intermediate values cause a decrease of magnetism even 
for the smallest load, while for the larger values of magnetizing 
force, the magnetic induction again increases with the load and 
then decreases. Further confirmatory tests are necessary before 
the facts noted here can be accepted as true of all ferro-magnetio 
substances subjected to compressive stresses.
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3. Bending.
As "bending is a. combination of doth tension and compression, 
the effects of such a stress would be due partly to one and partly 
to the other. The results of the tests made on rings subjected 
to bending bear out this assumption to a certain extent. Figures 
13 and 14 show the magnetization curves for a pure iron ring test­
ed as forged and machined. The ring was subjected to considerable 
internal strain during the mechanical working and its permeaoxxity 
is rather low. The curves in figure 13 show that the application 
of bending loads up to the point of permanent distortion of the 
ring causes a large decrease in magnetism. The loss of magnetic 
permeability occurs for all values of magnetizing force, but is 
particularly large for intermediate values of magnetizing force. 
After the ring is bent beyimd the point of permanent distortion 
the decrease is magnetic induction becomes less and less and fin­
ally the permeability approaches a constant value for all loads. 
The most significant fact to notice is that for a load less than 
3S pounds no change in magnetism takes place for any value of 
magnetizing force. This is illustrated in figure 14. ^or a 
load greater than 38 pounds there is a sudden drop in magnetic 
induction, then a rather rapid decrease, and finally for the high­
est loads it appraaches a constant value. Removing the load,
even after the ring is distorted, restores it to the original
/
magnetic state. No hardening of the iron is noticeable, primcip- 
ally because the shape of a ring makes it unfit to withstand heavy 
loads and it bends before the iron is stressed to any great degree 
Figures 15 and 16 show the effect of bending a ring annealed 
at 1,100 degrees centigrade. The ring has a permeability of over
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12,000. With small loads the magnetic induction is increased for 
low values of magnetizing force, decreased for intermediate values, 
and undergoes no change for the highest values. Here the effect 
of both tension and compression are seen. If the magnetizing force 
were carried high enough there would probably be another increase 
6f permeability. There are again two Villari reversals, or points 
where the load has no effect on the permeability. The larger bend­
ing loads still give improved magnetic qualities for small values 
of magnetizing force, as shown by the set of curves in the right 
hand corner of figure 15. Only after the ring is permanently dis­
torted is there a decrease of magnetization for all values of 
magnetizing force up to 25 gilberts per centimeter. Values of 
magnetizing force higher than this show no change for any of the 
loads, the Villari reversal occuring at one point for all loads. 
Figure IS shows the same results. The curves are self explanatory 
and show clearly the occurence of the two critical points.
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VII. CONCLUSIONS.
The salient facts brought out in the preceding investigation 
can briefly be summarized as follows.
1. Tension applied to an iron rod causes an increase in the 
magnetic qualities for small values of magnetizing force, and a 
decrease for intermediate and high values of magnetizing force, 
as long as the load does not stress the rod beyond the elastic 
limit. Large loads finally cause a decrease of magnetic qualities 
for even the smallest values of magnetizing force.
2. Removing a pulling load below the elastic limit gives the 
iron magnetic qualities better than those possessed before apply­
ing anft stress. If the load removed i3 greater than the elastic 
limit the iron is magnetically worse than with the maximum load 
applied.
3. Annealing the iron removes all strain and leaves it in a 
much superior magnetic condition even though it has been stretched 
to the elastic limit.
4. Tension has the same effect on annealed iron as on unanneal­
ed iron, but it i,s more pronounced for the annealed state.
5. Applying tension to iron that has been permanently hardened 
by stretching gives the same results, although the metal is in a 
much worse magnetic state.
6. All the above conclusions' apply also to substances of very 
high permeability.
7. Small compressive stresses cause an increase of magnetic 
induction for low values o’f magnetizing force, a decrease for 
intermediate values, and some indication of another increase for 
high values of magnetizing force. Large compressive stresses
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cause a decrease in magnetic induction for all values of magne­
tising forces. Removing moderate compressive stresses restores 
the iron to its original magnetic state.
8. Bending an unannealed iron ring decreases its magnetic 
properties for all values of magnetising force.
9. Bending an annealed ring reveals two Villari reversals 
for small loads, one with low magnetising force and the other 
with high magnetizing force. Large bending loads 3how only one 
critical point near the point of magnetic saturation.
10. Small bending loads have no effect on an unannealed ring, 
but there is a critical point where a sudden drop takes place in 
the magnetic induction, after which there is a uniform decrease 
to the point of permanent distortion. Further application of 
load has little effect on the magnetic induction.
--- ------- - ------- ------- ■— 3T7“----------- — ---- - --- - ---------
VIII. APPENDIX - BIBLIOGRAPHY.
The following is a short bibliography of the most important 
investigation*of the effect of stress on the magnetic properties 
of ferro-magnetic substances. It is not complete but gives a 
comprehensive survey of the work up to the present time. The re­
ferences are arranged in chronological order.
1. Kelvin; Phil. Trans., 1878, v. 152, p. 64.
2. Maxwell; Elect, and Mag., paragraph 448.
3. Wiedeman: Phil. Mag., 1886, v. 22, p. 60.
4. Ewing: Phil. Trans., 1885, v. 176, p. 580; 1888, v.179, p. 333.
5. Bidwell: Phil. Mag., 1886, p. 251.
6. Ewing: Mag, Ind. in Iron and Other Metals, 1900, Chapter 9.
7. Knott: Trans. Roy. Soc. Ed., 1882-3, v. 32, p. 1S3; 1889, v. 35, 
p. 377; 1891, v. 36, p. 485.
8. Knott: Proc. Roy. Soc. Ed., 1899, p. 536.
9. JTagaoka: Phil. Mag., 1889, v. 27, p. 117; 1890, v. 29, p. 123.
10. Tomlinson: Proc. Phys. Soc., 1890, v. 10, pp. 367, 445.
11. Smith; Phil. Mag., 1891, p. 383.
12. Moreau: C. R. 1896, p. 122; 1898, pp. 126, 463.
13. Nagoaka and Honda: Phil. Mag., 1898, v. 46, p. 261.
14. Nagoaka and Honda: Jour. Coll. Sci. Tokyo, 1900, pp. 13, 263.
15. Nagoaka and Honda: Phil. Mag., 1902, pp. 4, 45.
16. Honda and Shimizu: Ann. 4. Physic, 1904, v. 14, p. 791.
/
17. Honda and Shimizu: Tokyo Physioo-Math. Soc. Rep., 1904 
v. 2, no. 13.
18. Frisbie: Phys. Rev., 1904, v. 18, p. 432.
19. Honda and Terrada: Phil. Mag., 1907, v. 14, pp. 65, 115.
20. Smith and Sherman: Phys. Rev., Sept. 1914, v. 4, sec. 2.

